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rich zone components later in this task. The multi-passage premixing design was intended to produce a 
spatially uniform fuel/air mixture in the rich zone, should this be critical to NO x emissions. 
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zone, 70% through the quench system and 6% for lean zone liner cooling. Figure II-2 shows the rich 
zone operating characteristics, on a stoichiometry diagram, for a fixed geometry combustor that 

incorporates this airflow distribution. It is evident that the characteristic of any combustor with a fixed 
rich zone airflow fraction is a line that must pass through the origin of the graph. For the particular 
engine cycle under consideration, both the high-power, supersonic cruise operating point and the low- 
power, ground-idle point are shown on the characteristic line. This range of “rich zone” equivalence 
ratios, from 0.6 to 1.8, is similar to many gas turbine combustors typically used for subsonic aircraft, 
implying that a fixed geometry combustor with 24% combustor airflow in the “rich” zone might satisfy 
the operational requirements of this engine. 

However, while this airflow distribution is optimized from the point of view of supersonic cruise 
operation, as the engine is operated at fuel/air ratios less than supersonic cruise, the mixture strength in 
the rich zone would approach and eventually pass through stoichiometric proportions. Since the highest 
gas temperatures occur in the products of stoichiometric or near-stoichiometric combustion, steady state 
operation at points in this regime could have adverse effects on durability of the rich zone liner and on 
the emissions output at some intermediate power levels. This effect is demonstrated graphically on 
Figure 11-2, where a regime of prohibited steady state operation, labeled “Durability”, is indicated around 
stoichiometric proportions. 

While not immediately relevant to the fixed geometry 24% rich zone airflow configuration. Figure 0-2 
also indicates another area of prohibited steady state operation. This second prohibited region occurs at 
low, overall engine fuel/air ratios and high rich zone equivalence ratios. This regime indicates the 
operation of the rich zone at above stoichiometric conditions that will generate large quantities of CO 
and smoke but for which there is inadequate temperature levels in the quench and lean zones to oxidize 
these products. Consequently, the so-called “rich” zone (at high power) can only be operated at lean, or 
below stoichiometric proportions at low power to avoid large quantities of CO and smoke in the exhaust. 
With the constraints of avoiding steady state operation in the prohibited zones of the rich zone 
stoichiometry diagram while still achieving the operational capability of a flight engine, variable 
geometry approaches to manipulate combustor airflow distribution may be considered an enabling 
technology. 

Figure 11-3 shows the rich zone stoichiometry diagram for the Rich-Quench-Lean combustor in the High 
Speed Civil Transport engine for a combustor which incorporates variable geometry technology. The 
intent is to operate the “rich zone” at lean (below stoichiometric) mixture strengths at lower fuei/air ratio 
conditions such as startup, idle and the low power, descent-approach flight conditions. Modulation of 
the variable geometry system at these low power conditions, up to the point of transition, maintains a 
lean “rich zone” stoichiometry, avoiding the prohibited rich zone equivalence ratios. When the control 
requires a fuel/air ratio above a predefined threshold, in the range of 0.015 to 0.020 (shown as 0.017 on 
Figure 13-3), the variable geometry system abruptly shifts the size of the combustor air admission 
orifices. The change in orifice size is designed so that a mixture strength well above stoichiometric is 
produced in the rich zone. The regime of prohibited operation is crossed only as a transient event with 
minimal thermal impact on the liner. Further power-up beyond this transition point is achieved by 
increasing fuel flow and modulating the rich zone airflow so that the combustor is operated along the 
rich branch of the characteristic stoichiometry curve (conceptually shown in Figure 11-3). This rich 
branch characteristic curve is designed to maintain optimum Rich-Quench-Lean emissions at the high 
power end of the operating range. 
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The objective of the task reported herein, which was conducted as Task 22 of the NASA-sponsored 
Large Engine Technology program (Contract NAS3-26618), was to define and evaluate variable 
geometry, airflow modulation concepts for use with a Rich-Quench-Lean combustor. The specific intent 
was to identify approaches that would satisfy High Speed Civil Transport cycle operational requirements 
with regard to fuel/air ratio turndown capability, ignition and stability margin without compromising the 
stringent emissions, performance and reliability goals that this combustor would have to achieve. 
Emphasis was also placed on robust designs that could be introduced with minimal additional 
development and refinement because of the rapid-paced High Speed Research program requirements. 
Specific objectives of the task were to: 

® Analytically define and evaluate three different variable geometry, air modulation concepts 

consistent with the requirements of the High Speed Civil Transport application of the Rich-Quench- 
Lean combustor. 

® Conduct cold flow calibrations and velocity field definitions on models of each concept to confirm 
sizing and airflow management capability of each. 

® Evaluate the spray pattemation and atomization characteristics of each concept to anticipate its 
performance and emissions characteristics. 

® Perform combustion tests with each concept at supersonic cruise conditions and at other critical 
conditions in the flight envelope, including the transition points of the variable geometry system, to 
identify performance, emissions and operability impacts. 

® Select the best variable geometry concept for incorporation in subsequent Rich-Quench-Lean 
combustor evolution efforts for the High Speed Civil Transport. 

The activities performed in this program were consistent with the above objectives. The non-reacting 
evaluations of the candidate variable geometry concepts were conducted in dedicated facilities at the 
United Technologies Research Center. An existing high inlet air temperature Rich-Quench-Lean 
combustor rig used in the concept demonstration and design base data acquisition activities of Ref. 2 
was the test vehicle for the performance, emissions and operability validation portions of the task. This 
facility was located in Cell IE of the Jet Burner Test Stand at United Technologies Research Center. 

The facility is capable of testing at combustor pressures up to 200 psia, combustor inlet air temperatures 
of MOOT, and contained airflow control features to alter the airflow rates delivered to the rich-zone 
combustor and to the quench mixer. The combustor rig contained a modular, 5-inch diameter RQL 
combustor that allowed evaluation of variable geometry components in a size scale consistent with the 
next major test vehicles in the High Speed Research program. 

This report details the activities and results of the evaluation of the variable geometry rich-zone air 
modulation concepts. Section I provides a Program Summary, while Section II includes introductory 
and background information. Section III provides concept definition strategy and design constraints and 
Section IV provides a description of the test facilities, including the modular RQL combustor rig. 

Section V presents the details of the variable geometry concept definitions and their evolution through 
the influence of the supporting non-reacting evaluations of models of those components while the results 
of the combustion test program are discussed in Section VI. Conclusions presented in Section VII. 
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The technical effort on this task was initiated with a review of candidate variable geometry concepts that 
might be incorporated in the Rich-Quench-Lean combustor for application to the High Speed Civil 
Transport engine. This initial review disclosed four potential configurations, three of which were 
ultimately evolved and tested in the modular RQL combustor rig. This section describes the design 
constraints on these candidate systems and the processes by which the systems were evolved towards 
viable approaches. 


Design Constraints 

Initial studies of the requirements and constraints on a variable airflow system for the Rich-Quench-Lean 
combustor indicated that the simplest design approach involves the use of a variable geometry, air 
admission system on the inlet to the rich zone. As previously shown on Figure II- 1, this approach allows 
direct control of the airflow entering the rich zone and can be integrated with the fuel injectors. If the 
quantity of airflow being shifted is not excessive, this approach has the distinct advantage of not 
requiring another variable geometry component elsewhere on the combustor to compensate for the 
airflow shift. This approach does produce excursions in total pressure drop across the combustor. But if 
the variation in overall combustor inlet area is moderate, as one would expect from manipulation of a 
region that accounts for less than 25% of the total combustor effective area, the resultant pressure drop 
shifts are tolerable. 

Figure Ifl-i and Figure ffl-2 show the variation in rich zone equivalence ratio and the fraction of total 
combustor airflow, respectively, as a function of overall combustor fuel/air ratio for key operating 
conditions of the HSCT cycle. The figures represent the above-described type of variable geometry 
system, applied to the Rich-Quench-Lean combustor in the Turbine Bypass-type study engine for the 
High' Speed Civil Transport. (Subsequent studies in other engine cycles, including low bypass ratio 
turbofans have indicated the fundamental operating characteristics of the variable geometry concept of 
this figure are retained and systems for these cycles would differ only in minor details.) 

The operating environment at the fuel injector/air admission modules is further identified in Table HI-1 
for each of the engine power level conditions of Figure HI-1 and Figure ffl-2. Parameters specified 
include the total pressure and total temperature of the air approaching the combustor dome and the air 
and fuel mass flows passing through the individual fuel injector/air admission modules. It is assumed 
that an annular combustor would be fed by a multiplicity ( 1 8 to 30 or more depending on airflow size of 
the test vehicle) of these fuel injector/air admission modules spaced circumferentially. Also indicated is 
the effective flow area (ACd) of the module and the pressure drop across the bulkhead of the rich zone at 
each condition. As indicated, the effective flow area of the fuel injector/air admission module must vary 
from about one half to twice the nominal area at supersonic cruise during the rich to lean transition 
process. These transition points represent the extremes of the variable geometry system, operating 
envelone. 
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Table 3H-1 Design Parameters for Rich-Quench-Lean Combustor Fuel/ Air Modules 

In the sizing of the fuel injector/air admission modules it must be noted that the effective flow area is the 
representation of all pressure losses in the air side of the module. The effective flow area is represented 
as a single orifice supplied by air at the total pressure of the flow approaching the combustor dome. If 
the module has significant internal losses, the controlling aperture size (physical geometric area) may 
have to be substantially larger than the effective area. Likewise, there may be cross-flows close to the 
combustor hood and fuel injector/air admission modules due to the significant quench and turbine 
cooling air flows bypassing this region. Injector/air admission modules that do not recover the full ram 
effect of the approaching velocity operate at lower effective pressure drops and would, therefore, require 
larger airflow components (physical geometric size). 

The bulkhead pressure drops cited in Table III- 1 are those available for flowing the rich zone inlet 
system and reflect the absence of any compensation for the change in overall combustor orifice area. 
While these drops strongly influence combustor section total pressure loss, and hence cycle efficiency, 
the loss levels, particularly at the cruise conditions where fuel bum can be substantial, are moderate. 

High bulkhead pressure drops are conducive to stable combustion and tend to enhance the atomization 
characteristics, so the higher pressure drops at the low inlet temperature idle and the high fuel loaded 
rich transition point can be considered advantageous. 

The fuel/air ratio at which the lean to rich transition point occurs was chosen based on Nitric Oxide 
(NO x ) formation and Carbon Monoxide (CO) oxidation criteria. The flame temperature at the transition 
point should be high enough so that CO can be burned off, but low enough so that thermal NO x is not 
created in great quantities. Lean and rich transitions represent the same overall engine power level and 
fuel/air ratio, but operate the combustor in different modes. The lean transition point of Table IH-1 
requires an effective injector airflow area of 2.2 in 2 to achieve <j>n C h = 0.6, while rich transition requires 
an area of 0.6 itf to achieve <j>n C h = 1.6. Power levels between Idle and lean transition require increasing 
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• Using computational fluid dynamics to predict the reacting-flow performance of candidate designs 
under both lean and rich conditions. Two-dimensional, axisymmetric calculations for both reacting 
and non-reacting cases were performed by CFD Research Corporation. Included in these analyses 
were the calculation of an unmixedness parameter and the calculation (under lean conditions) of total 
rich zone NO x EI. The results of these calculations are detailed in Appendix A. 

These results, along with the other design criteria, acted as a guide by which three final designs were 
selected and optimized. Three hot-test models and an actuation mechanism common to two of them 
were then fabricated. 
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SECTION IV - EXPERIMENTAL APPARATUS 


This section describes the test facilities used to support the evolution of the variable geometry, air-fuel 
admission concepts and verify their performance/emissions characteristics in a combusting environment. 
These included the dedicated facilities for non-reacting characterization tests and the modular RQL 
combustor rig. 


Airflow Capacity and Laser Velocimetry Test Facility 

Airflow capacity and laser velocimetry measurements were performed in a facility especially designed 
for the cold-flow evaluation of fuel injector airflows. A schematic layout of the facility is shown in 
Figure IV- 1. The injector was mounted on the end of a 10-in. diameter cylindrical plenum, from which 
air was supplied to the injector. The flow rate of air into the plenum was measured using a choked 
(either 0.453-in. or 0.150-in. diameter) venturi, equipped with static and total pressure measurements. 
The pressure in the plenum was also monitored, so that the pressure drop across the injector airflow 
passages could be measured (injector airflow is exhausted to atmospheric conditions). Using the 
measured air flow rate, and knowing the pressure drop, it was then possible to calculate the effective 
area (ACd) of the injector air flow passages: 


AC d 




where m air is the mass flow of air, p air is the density of air, and A P inj is the pressure drop across the 

injector. The same flow facility was used for laser velocimetry. The injector was mounted on the 
downstream end of the plenum, so that the flow issuing from the injector was unconfined. Seed material 
was introduced into the upstream plenum using a spray nozzle. The seed material was polystyrene latex 
beads (1 pm) suspended in methanol. The methanol evaporated quickly, leaving only the small seed 
particles in the flow. 

A schematic of the laser velocimetry system and its installation in the facility is shown in Figure IV-2. 
The two-component laser velocimeter used two TSI 1998 counter signal processors, feeding their signals 
into an Apple He computer. This computer controlled the data acquisition and reduction processes, 
including positioning. The system used the 488-nm and 514-nm lines of a Spectra Physics 5W Argon - 
Ion laser. Frequency shifting (50 MHz) was employed in order to detect reverse velocities. This was 
accomplished using TSI 9168 Bragg Cells. The frequency shift was set against the mean flow direction 
in all cases and was reversed for the tangential component upon crossing the geometric center of the 
flow. Scattered light was collected using on-axis forward-scattering collection optics. The velocimetry 
probe volume was positioned in the flow field using a Centurion IV numerically controlled milling 
machine base, to which the velocimetry system was mounted. The milling machine was driven 
automatically, using the Apple lie computer. 
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downstream sampling location defined one half of the 90% spray angle, A “peak” spray angle was also 
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where R is the fraction of droplets in the spray with diameter greater than D. X represents a mean drop 
size for the distribution and N is a distribution width parameter. The values of X and N can be used to 
calculate the Sauter Mean Diameter (SMD), which characterizes the volume to surface area ratio of the 
spray. 

As with many other optical diagnostic techniques, the Malvern loses effectiveness when used in dense 
sprays. An optically thick medium causes attenuation of the incident light and leads to multiple 
scattering effects. The instrument monitors the attenuation of the laser beam using the center photo- 
detector, and records this value as a relative “obscuration” level. An obscuration level of 1.0 indicates 
that no light penetrates through the spray to the center photo-detector. At high levels of obscuration (> 
0.6) computed droplet sizes are often inaccurate due to multiple scattering effects. An analytical 
procedure is used to correct the two parameters in the Rosin - Rammler distribution to account for 
multiple scattering effects at high obscuration levels: 

|- = i.Q + |}y (1 ' 9_3 ' 437(OB)i ]x [q.036 + 0.4947(05) 8 997 ] 

— - = 1.0 + [a (0 - 35 ~ U5(OB)) ]x [o.Q35 + 0. 1099(05) 8650 ] 


where Xo and No are the corrected levels of X and N, and OB is the obscuration level. The technique is 
applicable for obscuration levels between 0.6 and 0.98, over N = 1.2 to 3.8. A corrected SMD, SMDq, 
may then be calculated using these two parameters and the mathematical Gamma function: 


SMD n 


X, 


r 


N n 


The corrected SMD, SMDq, are the values reported herein. 


The modular RQL combustor rig, as it was defined and constructed for the effort of Ref. 2, is shown in 
Figure IV-5. As shown on the figure, the rig incorporated independent control of the airflow to the rich 
and quench zones of the combustor. The quench air-stream was directed into the gas path from a 
manifold around the quench section of the rig. The rich combustion zone consisted of a cylindrical 
length section followed by a conical convergent section to the quench entrance; these two sections were 
individual modules of the RQL combustor. Cylindrical spools of varying lengths were available to 
achieve different residence times in the rich zone. The convergent section was 1. 6-inch long, 
transitioning from the 5-inch diameter combustor to the 3-inch diameter quench section at an included 
angle of 64 degrees. The lean zone consisted of a divergent section at the quench exit followed by a 
separate cylindrical section. The 3.2-inch long divergent section transitioned from the 3-inch diameter 
quench to the 5-inch diameter cylindrical section at an included angle of 34 degrees. Cylindrical spools 
of various lengths were also available to achieve alternative lean-zone lengths. All of these sections 
incorporated a double wall construction with an internal water jacket. The 8-inch nominal pipe size 
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spools contained a 1,25-inch thick ceramic liner to provide thermal insulation and achieve the gas path 
diameters mentioned above. The insulating liners were cast in place in the spools from Plibrico Plicast 
40, a commercially available ceramic consisting of mostly alumina. This material was selected because 
of its favorable thermal shock properties and its ability to withstand combustor temperatures up to 
3400°F. 

Four candidate quench zone configurations, having different numbers and sizes of quench air orifices, 
were evaluated in the Ref. 2 program and an eight circular-hole quench configuration was used for these 
tests. The quench airflow was injected into the gaspath through eight, 0.719-in. diameter, equally spaced 
circular orifices. The quench section length and inner diameter was 3.375-in and 3-in, respectively, and 
the axial plane of the hole centerlines was equidistant from the quench entrance and exit. The eight hole 
quench section design had one air inlet and was fabricated from 316 SS. Heat loss to the cooled surface 
was minimized with use of a 0.03-in. thick, flame-sprayed coating of zirconia oxide. The design 
included two, 0.10-in. high annular water cooling passages located in a 0.75-in. thick wall that forms the 
quench-jet metal cylinder. Each cooling annulus was 1.10-in. wide and located to provide a 0.75-in. 
wide uncooled band at the center of the section for the quench-jet orifices. Water was supplied at a flow 
rate of 3 GPM to each cooling passage through flexible lines that passed across the quench manifold and 
out of the housing. 

A Delavan Model 32740-3 Swirl-Air fuel injector had been used as a baseline for the combustion tests in 
the Ref 2. Program. The Delavan Swirl-Air nozzle is an internal mix, air-assist nozzle. The air-assist 
feature permitted control of the fuel atomization process independent of the test condition. The assist 
airflow was regulated and metered by a venturi to maintain a nozzle fuel-to-air flow rate ratio of about 
unity. This produced an included fuel spray angle of about 100 degrees. This nozzle was mounted in 
the center of an annular, axial-flow swirler. The effective airflow area of this nozzle-swirler assembly 
was 1 .0 in 2 . 

The Delavan injector-swirler combination was mounted on the centerline of the front bulkhead of the 
rich zone with the metered airflow to the swirler being delivered to the upstream plenum. The 
experimental, variable geometry, fuel injector air admission devices evaluated during this task were 
mounted on similar bulkheads at this plane. On configurations incorporating remotely actuated variable 
geometry components, the actuation mechanism was installed in the upstream air plenum and the 
mechanical drive passed through a sealed fixture on the plenum wall. 


The single nozzle modular RQL combustor test rig was installed in Cell IE of the Jet Burner Test Stand 
at United Technologies Research Center. This combustor facility included a high-temperature airflow 
distribution and control system, the modular RQL combustor, and an exhaust system. The total 
combustor airflow was supplied to the test facility by continuous-flow compressors. Combustor inlet air 
temperatures up to 13G0°F were achieved with multiple, non-vitiated heating systems. Two direct- 
contact, electrical resistance heaters were plumbed in series to obtain a 1300°F-inlet temperature at 200 
psia. The airflow exiting the second heater was divided into the rich-zone combustor airflow and 
quench airflow. 
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A water-cooled instrumentation section containing six emissions sampling probes was located at the exit 
of the lean zone of the RQL combustor. Downstream of the instrumentation section, the combustor 
exhaust passed through diffuser and transition sections upstream of the combustor back-pressure control 
valve. The transition section diverted the flow through two 90-deg. turns prior to encountering high- 
pressure water sprays to cool the flow before entering the back-pressure valve. A window was located in 
the transition section along the combustor centerline to permit observation of the flame. 

The instrumentation on the combustor rig consisted of two venturis to measure the total airflow to the rig 
and to the rich zone, with the quench zone/liner cooling airflow being determined by the difference 
between the two. Fuel flow meters measured the fuel flow to the fuel injector. Thermocouples were 
installed to measure air and fuel temperatures at each flow measurement site and in the rig air inlet 
plenums. Total pressure probes were also installed in the air plenums and static pressure taps in selected 
locations in the gas path provided measurements of the pressure differentials across components of the 
combustor. As indicated above, six water-cooled, gas-sampling probes were installed in the lean zone of 
the combustor. Further details on the baseline instrumentation on the rig and its operation are available 
in Ref. 2. 
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feature provided greater test flexibility for 

these early development assessment tests by essentially 

eliminating atomization as a test variable v 

/hile assuring a high degree of atomization. The quantity of 

assist air was small, on the order of the foe 

flow, and the injector was centrally mounted in a swirler 

having an effective flow area, ACd, of one 

square inch. While it was an effective system for the initial 

validation and data base definition for a Ri 

ch-Quench-Lean combustor, the external air assist feature wt 

not representative of a realistic engine inje< 


task of variable geometry injector definitio 

n for the HSCT application. 

To establish a new baseline, a two-passage 

aerating fuel injector was defined and fabricated for this 

purpose under a prior contract (NAS3-259 


initiation of this task. The design of this ir 

ijector is shown in Figure V-l and photographs are shown in 

Figure V-2 and Figure V-3. Its technology 

base is well established in commercial engine application 


s. The injector consists of two concentric swirling air 

streams, which in this application provide * 

the entire airflow requirement of the rich zone. Fuel is 


the wall between these air passages and passes through a 

metering plate to assure uniform circumfer 

ential distribution before being discharged from a filming lip 

into the air-streams. Contouring of the wal 

tls of the air passages in this fuel film impingement region is 


persion. The injector of Figure V-l was designed to have a 

nominal, effective flow area ACd of 0.96 i 

n 2 , with the area being split evenly between the outer and 

inner passages. The total ACd is the same < 


this area would also be consistent with the 

requirements of a variable geometry injector at the idle and 

supersonic cruise conditions for the Turbin 

e Bypass Engine selected as the reference for this task. The 

outside diameter of the air-cap on the outei 

air-stream of this injector was 2.60 inches while the diamete 

of the discharge orifice on the face of the ii 

ijector was 1.70 inches. The inner air swirler contained 5 

straight vanes inclined to a turning angle o 

50-degrees. The injector was fabricated with 

interchangeable outer air caps having 4Q-d< 

:-.gree and 60-degree swirl angle vanes in the outer air passage 

Changing the swirl angle had a very small 

effect on the effective flow area of the injector but, as will be 

shown in Section VI, more significant difft 

fences in combustor rig performance. The cold flow spray 

characterizations of this injector are shown 

in Table V-l and are typical of two-passage aerating fuel 

injectors 
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Inner air passage and the fuel distribution manifold are similar to the baseline injector of Figure V-l, but 

the swirl angle in the inner passage has been increased from 50-degrees to 60-degrees. The inner s wirier 
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area of the system was determined to be 1.40 in 2 . The profiles are very similar, with the only difference 
being a tendency for the sliding dam valve system to produce a slight velocity deficiency near the outer 
radii of the peak of the annular airflow cone. 

In Figure ¥-12 the variation of the axial velocity profile at the injector exit, with changes in the extent of 
the outer swirler blockage, are illustrated over the entire range of variation. At the fully closed condition 
there was a central recirculation zone that extended to r = ± 0.4-inch with velocities of approximately 35 
ft/s (reverse flow direction). Outside of this central recirculation zone, the peak axial velocity was 
approximately 80 ft/s and occurred at a fairly narrow peak. As the open area of the outer air swirler was 
increased, the central recirculation zone became narrower and weaker, with velocities of approximately 
15 ft/s and an extent to r = ± 0.1 -inch. To preserve continuity, the peaks in the axial velocity profile 
became broader and reached a slightly higher maximum level (approximately 90 ft/s). 

Spray droplet size and pattemation measurements were also made on the tri-swirler aerated injector 
model. Tests were conducted at seven flow conditions ranging from idle (lean) through transition to 
subsonic climb (rich). The effective area of the nozzle swirler was set to the appropriate value (see 
Table HI-1) at each condition using results of earlier ACd testing. The concept demonstrated good 
atomization characteristics at all conditions, creating fuel sprays with SMD values between 5 and 35 
microns. Typical spray droplet size results for the tri-swirler injector are shown below in Table V-2. As 
is expected, the atomization quality is most sensitive to the air velocity. The exceptional atomization 
performance of this injector was most probably due to the large filming diameter of the fuel preparation 
surface. A larger filmer diameter leads to the formation of a thinner film, and therefore smaller fuel 
droplets after the breakup of that film. 


Test Condition 

Fuel Flow Rate 

A ir AP 

SMD 

Simulated 

(pph) 

(in. H 2 O) 

(microns) 

Supersonic Cruise 

282 

78.2 

3.8-6. 1 

Rich Transition 

171 

1 77.9 

4.4-5. 7 

Lean Transition 

171 

38.1 

34.7-34.9 


Table V-2 Typical Spray Droplet Sizes for the Tri-Swirler Injector 

The injector also displayed consistent pattemation characteristics. The fuel spray distribution was 
evaluated through monitoring of the fuel spray cone angles (peak and 90%) and the circumferential non- 
uniformity index. Both values were calculated from the results of tests performed at scaled conditions 
(as described in Section IV) representative of the entire range of operation. As shown on Figure V-13, a 
total variation of peak spray cone angle of only 15 degrees was observed over the entire operating range. 
The minimum cone angle was observed at the lean transition condition, where the injector airflow rate 
was the highest and the injector is in the fully open position. This one deviation represented the majority 
of the total variation in spray cone angle, and the spray cone angle variation across the other conditions 
was less than 10 degrees. 

Figure V-14 shows the circumferential 45-degree sector fuel flux non-uniformity index as a function of 
the seven test conditions. Lower values indicate a more uniform distribution. There was only significant 
non-uniformity at the idle condition, at which the fuel flow rate was the lowest. This is behavior typical 

of low pressure, pre-filming fuel systems, in which the hydraulics of the fuel passage at low flow rates 
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decreasing as the variable geometry mechanism is closed. For example configurations HSCT1 and 
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increased. These results imply adequate fuel jet penetration to the swirler wall but inadequate transverse 
dispersion until the fuel jet-to-air momentum ratio became higher at the higher fuel flow. Conversely, 
the six-orifice configuration, with larger orifice diameters and subsequently low fuel pressure drop and 
velocity, did not generate sufficient momentum for fuel filming. Even when fuel flow was high and the 
jets reached the swirler surface, they were dispersed as six relatively discrete sprays. The twelve jet 
orifice appears to provide the best performance in that, while there may have been some film merging 
between films generated by jets from adjacent orifices at low flow rates, at the moderate and high fuel 
flows the desired transverse uniformity of fuel spray was observed. 

Figure ¥-25shows the 90% spray cone angle measured with the pattemator with the injectors of Table 
V-4 in the HSCT1 swirler. The cone angle variation had been measured over the entire range of 
effective flow area with the six-orifice injector. The spray angle remained in a 27-degree wide band (55° 
- 82°) through all simulated power conditions except for Lean Transition with the 6-orifice injector, 
where the spray tended to collapse. This Lean Transition point is the condition of highest inner swirler 
air velocity, and with less than ideal jet penetration and dispersion anticipated based on the data for this 
injector as shown in Figure V-24, this collapse of the spray cone is not surprising. The other three 
injectors, which had better penetration characteristics as described above, produced higher spray cone 
angles consistent with all the fuel being atomized from the filming surface. The injector with 12 evenly 
spaced holes provided adequate fuel jet penetration in the spray visualization apparatus and the best 
overall spray dispersion and circumferential uniformity. With this injector, droplet size was small at 
most conditions, with Sauter Mean Diameters of 10 to 15 microns. 

The totality of non-reacting flow evaluations on the first three swirler configurations (HSCT1, HSCT2 
and HSCT7) indicated this design approach needed further refinement. Airflow profiles at the injector 
exit had indicated significant variations in flow structure as the injector airflow was modulated as 
previously shown in Figure V-23. Previously discussed velocimetry measurements made near the exit 
plane of the swirler demonstrated that as the inner swirler inlet was closed off, a large central wake 
region developed, as shown in Figure V-23. This wake region became wider with increasing blockage, 
until at minimum effective flow area, a large “dead zone” of airflow occupied the center portion of the 
flow. It was determined that this large variation in the airflow field downstream of the injector was 
undesirable because of the unknown effects it would have on reacting-flow performance. Of specific 
concern was injector durability. A large wake region in the center of the flow would allow hot 
combustion products to be re-circulated back into the swirler, where hardware damage could result. In 
addition, the patternation tests discussed above also raised the issue of fuel jet penetration from the 
center-body injector through the inner air stream to the filming surface on the inside of the inner swirler. 
At high airflow conditions such as the Lean Transition condition, the airflow rate passing through the 
inner swirler was also very high, making it difficult for the fuel jets to reach the filming surface. Studies 
of the design approach suggested that the modulation of the airflow through the inner passage of the 
swirler was excessive and consideration should be given to modulation of both the inner and outer 
airflow passages. These findings led to the definition of three additional configurations of this concept 
with different inner to outer swirler airflow splits and alternate variable geometry schedules. 

Three new configurations of the radial-inflow concept were defined as shown in Table V-5. They 
differed from the first set in that they allowed for two variable-geometry flow passages, as opposed to 
only the inner passage, as used in earlier designs. The inner/outer flow split between the two-swirler 
passages at maximum flow capacity was also decreased, so that more air would be introduced on the 
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evenly dispersed. The combined airflow through these two passages represents slightly less than that 
required at the minimum injector flow condition. A larger, outer airflow, sufficient to meet the 
maximum airflow requirement, is introduced through a radial-inflow air swirler. The airflow through 
this swirler is modulated by using a translating ramp, which slides axially along the central core of the 
injector blocking a variable part of the axial height of the swirler discharge. The radially inward 
direction of outer passage flow was expected to provide strong interaction and mixing with the fuel-air 
mixture emanating from the inner section of the injector. The positioning of the ramp at minimum 
injector flow condition leaves a small portion of the outer swirler exit free to generate a film of cooling 
airflow on the downstream face of the ramp. The overall outside diameter of the injector, measured to 
the leading edge of the outer swirler vanes, is 3.87 inches. This diameter represents a substantial 
fraction of the frontal area of a combustor bulkhead and the fact that this surface would be cooled by the 
flow through the outer swirler passage was seen as an advantage of this concept. However, there was 
concern over the successful actuation and the long-term durability of the variable geometry mechanism 
in that the translating ramp was directly exposed to hot combustion gases and radiant heat loading. 
Back-spray of fuel or recirculation of hot gas onto the cylindrical surface on which the ramp slid was 
also a concern since either fuel deposition or thermal distortion of the metal parts could potentially 
interfere with component motion. 


A cold flow model of the translating ramp injector concept was fabricated using a combination of 
stereolithography and aluminum parts and is shown on Figure V-32 and Figure V-33. Fuel filmer parts 
were made using aluminum to ensure strength and dimensional accuracy. The hypodermic tubing 
emerging from the model convey fuel to the internal manifold while the three metal pins protruding from 
the upstream face are the positioning pins for the translating ramp. The effective airflow area of the 
model ranged from 0.3 to 2.3 in 2 , meeting the requirements specified in Table III- 1 . Laser velocimetry 
measurements were made in the airflow at 0.30 inches downstream of the injector exit plane of this 
model under ambient conditions to show the variation of the velocity profile as a function of the 
effective area of the injector. As the results of Figure V-34 indicate, there were no large changes in the 
airflow field as the effective airflow area was changed. A slight broadening of the axial velocity peaks 
with increasing ACd was observed. However, the character of the central recirculation zone may be 
shifting as the ACd approaches the minimum value. The axial velocity profile shifts from a flow field 
characterized by upstream, reversed or recirculating flow on the centerline to a flow field with 
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downstream, non-recirculating flow on the centerline surrounded by an annulus of upstream, 
recirculating flow, implying a different flow structure. 

Spray patternation tests showed a 30-degree variation in spray cone angle across the entire range of test 
conditions, i.e. as a function of fuel flow, air flow and ramp position, as presented in Figure V-35. The 
sudden drop in spray cone angle at the Supersonic Cruise condition is unexplained, but was repeated in 
subsequent testing. At all airflow conditions, the spray exhibited circumferential streaks in the fuel 
distribution pattern. As seen in the pattemator data distribution of Figure V-36, twelve peaks are evident 
and apparently correspond with the 12 discrete fuel injection sites. At all airflow rates, the mixing of 
these fuel jets with the airflow was incomplete, and hence streaking was observed. These peaks were 
small and, because of the large number of them, nearly approached a continuous azimuthal distribution. 
Spray droplet sizing tests showed good atomization characteristics, with SMD values of between 10 and 
25 (Am at all tested conditions. 

Based on the favorable results in the non-reacting assessment of the translating ramp injector, a metal 
version of the injector was designed and fabricated for combustor testing. However, no effort was made 
to incorporate the externally actuated variable geometry mechanism used with the tri-swirler and the 
radial inflow concepts. Rather, shims were designed to fit axially behind the translating ramp and 
position it so that variable geometry could be simulated in a series of fixed geometry configurations, 
each tested at the pertinent rig inlet conditions. Figure V-36 shows a comparison of the fuel spray 
produced by the metal injector with that of the model at the simulated supersonic cruise condition and 
indicates excellent similarity in both the spray cone angle and the qualitative features of the spray. 


A fourth concept considered for adaptation to a variable geometry injector is shown on Figure V-37. 
The intent of the concept was to produce the effect of radial inflow swirlers in the high-shear injector 
concept with axial-flow air swirlers. This approach offers the possibility of delivering the same airflow 
capacity in a smaller diameter package and one that could more effectively capture the ram effect of the 
upstream diffuser discharge flow. This concept also replaces the center-body fuel injector of the radial 
inflow swirler system with an annular fuel filming system on the filming lip proper. This avoids the 
need to spray jets of fuel across the inner swirler air stream to generate the fuel film, but raises the issue 
of needing a large surface area, annular fuel manifold at the filmer radius with attendant thermal 
isolation requirements. The requirements of airflow modulation were not addressed in detail, but some 
form of modulation of the inner swirler flow with an upstream register, while maintaining the outer 
swirler flow area constant (as in the earlier versions of the radial inflow concept) was envisioned. The 
sliding rib valve concept, shown originally in Figure V-7 and first proposed on the tri-swirler injector, 
could be implemented on the inner swirler of this axial flow high shear injector. This approach would 
offer the potential of minimizing radial flow variations in the inner swirler at all ACd settings. 

A stereolithography model of the axial flow high shear injector was fabricated and limited non-reacting 
assessments were conducted on it. This model, at 4.0 inches diameter to the outer cowl of the outer 
swirler inlet, met the full range of required effective areas as shown in Table HI-1. Laser velocimetry 
tests showed that at high airflow conditions, the central recirculation zone did not penetrate inside the 

injector. In fact, measurements indicated that no recirculation was apparent as far downstream as 0.25 
favorably to those obtained with prior injectors. It is evident that the compositional uniformity of the 
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inches. At low airflow conditions, however, the same wake profile observed in the radial-inflow devices 
was observed and is illustrated in Figure V-33. Spray pattemation data indicated the circumferential 
uniformity of the spray was poor at most conditions, showing large streaks in the spray. A typical spray 
pattemation distribution acquired at simulated subsonic cruise conditions for this injector is shown in 
Figure V-39. This poor pattemation behavior is most probably due to high axial momentum of the fuel 
jets, which inhibited the fuel filming into the transverse direction. There was little variation in spray 
cone angle from condition to condition. On the basis of these results and more favorable observations in 
the evaluation of the other three injector concepts, it was concluded that no further work would be done 
on the axial flow high shear concept. 
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favorably to those obtained with prior injectors. It is evident that the compositional uniformity of the 
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92 
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n 
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78 
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B 
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■a 

■ 
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78 
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0.016 

1.55 

6.1 

67.2 

4.9 

H 

m 
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Supersonic 

Cruise 

(Reduced P3,T3,f/a) 
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818 

0.028 

1 .80 

6.1 

6.5 

5.5 

8.6 

5.3 

11.7 

Nominal 

Supersonic 

Cruise 

150 

1210 | 

0.030 

1.80 

9.9 

1.0 

9.3 

1.8 

8.4 

1.3 


Table ¥1-2 Emissions Characteristics of Variable Geometry Injectors 

Beyond the variable geometry injector evaluations, additional combustor evaluations focused on the 
ascertaining the influence of fuel-air mixture preparation on the performance and emissions 
characteristics of the RQL combustor concept. 

The multi-source fuel system was modified, as shown in Figure VI-5, to supply fuel to 18 of the 19 air 
passages in the bulkhead. The intent of the unfueled air jet, which accounted for nominally 1.3% of the 
combustor airflow at supersonic cruise, was to simulate a “leak” of air into the rich zone. Data was 
acquired at rig inlet conditions identical to the configuration with all passages fueled. The results 
indicated that the carbon monoxide emissions index measured at the end of the lean zone was low and 
qualitatively comparable to that measured with no simulated air leak in the rich zone. However, the NQ X 
emissions index at the same plane was measured at 6.8 gm/kg as opposed to only 4.6 when there was no 
“leak” in the rich zone. In both cases the profile of NG X emissions, as defined by readings at the five 
individual gas samplings in the lean zone, was flat. Carbon monoxide distributions at this plane 
exhibited some non-uniformity, but the dominant features were comparable between the “leaks” and “no 
leak” configurations, which implied that they were caused by quench zone effects as opposed to 
phenomena in the rich zone. 

On the basis of these observations, it was concluded that the leakage of air into the rich zone of an RQL 
combustor could have substantial adverse impact on NO* formation in that zone. Evidently, significant 
quantities of NO x can be formed in the diffusion burning zones that exist around the periphery of the 
entering jet. It does appear, however, that the configuration investigated may be a severe case because, 
other than the recirculation zones formed by the entering jets at the bulkhead, the flow in the rich zone is 
relatively quiescent. This would have permitted the diffusion burning zones to persist and promote NO* 
formation. By contrast, the swirling rich zone flow structures created by the aerating injectors of prior 
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cylindrical rig configurations would be expected to stir reactants throughout the zone and dilute the 
diffusion burning zones around a leak more rapidly. 

Parametric tests were also conducted with the tri-swirler injector at low pressure/temperature, scaled 
supersonic cruise simulation and idle conditions to assess the effect of reduced residence time in the 
combustor, using the variable geometry feature, to support studies of revised RQL configurations. NQ X 
and carbon monoxide emissions results are shown in Figure VI-6 and Figure VI-7 for the scaled 
supersonic cruise and idle conditions, respectively. In general, the results of these tests indicate that up 
to 40% reductions in residence time in the rich and lean zones of the combustor could be accommodated 
without compromising NO x emissions. However, carbon monoxide emissions at both idle and low 
pressure/temperature scaled supersonic cruise and lean stability margin at low power levels could be 
adversely affected by the associated velocity scale increases. 

Tests were also conducted on the cylindrical RQL combustor to assess a significant aspect of an 
alternative configuration of this combustor concept. The intended final configuration of the RQL 
combustor was considered to be annular with a multitude of variable geometry, air admission/fuei 
injector modules mounted on the front bulkhead of the rich zone. An alternate configuration involves a 
similar ensemble of cylindrical rich-quench modules, each with its own variable geometry injector. The 
combustion products from these modules would be discharged into a common annular lean zone where 
specie oxidation would be completed and the products delivered to the turbine. However, because of 
geometric constraints on the combustor, this transition from module to annular gas path involves an 
abrupt expansion of the flow and the potential of significant additional NQ X formation in the 
recirculation regions associated with the expansion was a concern. 

Back-to-back tests were conducted on the cylindrical combustor rig using different lean zone 
configurations. Most of the combustion testing with the variable geometry injectors had been conducted 
with a 3.12-in. long divergent conical section between the quench and the cylindrical part of the lean 
zone of the rig. This conical section was removed and a cylindrical lean zone three inches longer than 
the baseline configuration was installed to account for the space previously occupied by the divergent 
conical section. This left the effective length of the lean zone (as measured from the end of the confined 
region of the quench zone to of the emissions probes) nearly unchanged at approximately 6 inches. 
However, this configuration introduced a 3-in. to 5-in. diameter sudden expansion rather than a conical 
transition at the juncture with the quench section. Testing of this configuration at simulated supersonic 
cruise conditions indicated no substantial NO x generation associated with the sudden expansion. 

Operability considerations were also addressed during the reacting flow evaluations. At the idle 
condition, the rich zone equivalence ratio at lean blowout was 0.28 and 0.3 1 for the tri-swirler and 
translating ramp configurations respectively. Blowout was a distinct event for both of these 
configurations with no evidence of instability as the fuel flow was reduced towards this condition. The 
lean blowout equivalence ratio for the rich zone of the radial inflow injector was 0. 17 but as fuel flow 
was reduced below the nominal idle equivalence ratio of 0.6, flame pulsing and instabilities occurred 
when the equivalence ratio dropped below 0.4. The radial inflow injector also produced a distinct low 
frequency tone noise at all power levels. This noise was not observed in the evaluation of the other 
variable geometry injectors nor in any prior configuration of this rig. 
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Figure EE-2 Rich Zone Stoichiometry of a Fixed Geometry Combustor 
(24% rich zone, 70% quench zone, 6% lean zone cooling). 
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Figure IV-5 Cylindrical RQL Combustor Rig. 
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Figure V-I Baseline Two Passage Aerating Fuel Injector Design. 
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Figure V-8 Tri-Swirler Injector Used for Non-Reacting Tests; Combining Metal centerbody Inner 
S wirier & Fuel Filmer with SLA Intermediate & Outer Swirler with Sliding Dam Valve. Forward 

Looking Aft Trimetric View. 



Figure V-9 Tri-Swirler Injector Used for Non-Reacting Tests; Combining Metal centerbody Inner 
Swirler & Fuel Filmer with SLA Intermediate & Outer Swirler with Sliding Rib Valve. Forward 

Looking Aft Trimetric View. 
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Figure V-10 Tri-Swirler Injector Used for Non-Reacting Tests; Combining Metal centerbody Inner 
Swirler & Fuel Filmer with SLA Intermediate & Outer Swirler with Sliding Rib Valve. Aft Looking 

Forward Trimetric View. 
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Function of Flight Condition. 45-Degree Sector Analysis of Fuel Mass Flux, 
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RQL Combustor Rig Tests. 
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(HSCT2), Measurements Taken 0.25 in. Axially Downstream from Injector Face. 
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Injectors Installed in the Radial Inflow S wirier (HSCT1). 
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Measurements Taken 03 in. Axially Downstream from Injector Face. 
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Figure V -36 Comparison of Prototype and Hot-Test I.!; : __ v 

Injector. Supersonic Cruise Simulation. 
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Figure V-39 Spray Distribution for the Axial Fiow High Shear Injector. Subsonic Cruise Simulation. 
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Figure VI-3 NO x Emissions Results for Variable Geometry Injectors. 
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Figure VI-4 Carbon Monoxide Emissions Results for Variable Geometry Injectors. 
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SECTION VI FIGURES 
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Figure VI- 1 NO x Emissions Results for Baseline Injectors. 



Figure VI-2 Carbon Monoxide Emissions Results for Baseline Iniectors_ 
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igure VI-6 Residence Time Effect on Emissions. Tri-Swirler Fuel Injector. 
De-rated (low P3, T3, f/a) Scaled Supersonic Cruise Simulation 
(P3 = 76 psia, T3 = 850 F, f/a = 0 028., <!> nc „ = 1.8) 
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Figure VI-7 Residence Time Effect on Emissions. Tri-Swirler Fuel Injector. 
Idle Simulation (P3 = 67 psia, T3 = 430 F, f/a = 0.009, €>n C h = 0.6) 
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A Rich-burn /Quick-quench/ Lean-burn (RQL) combustor is a candidate concept for 
low NO x emissions in a High Speed Civil Transport (HSCT) engine. Low NQ X is 
achieved by minimizing combustion near stoichiometric conditions. A schematic 
of an RQL combustor with typical air flow split is shown in Figure 1. At the design 
point (supersonic cruise) fuel and air are initially burned in the rich zone at a rich 
equivalence ratio of approximately 1.8. 

Rich Zone Quench Zone Lean Zone 



Figure 1. RQL Combustor Schematic 


The partially oxidized combustion products are rapidly mixed with quench air to a 
lean equivalence ratio of about 0.4 in the quench zone and burning is completed in 
the lean zone. 

This report is divided into three major sections, one section dealing with the design 
of CFDRC's variable geometry fuel-air module, one section dealing with the 
evaluation of P&W/UTRC fuel-air admissions systems, and the last section dealing 
with the analysis of the RQL combustor sector rig. 


A variable geometry fuel-air admission system has been determined by Pratt & 
Whitney to be necessary for operation over all engine conditions. The rich zone of 
the combustor will operate in a lean mode for low power conditions and in a rich 
mode for high power conditions. The transition from low power (lean) to high 
power (rich) will occur rapidly to avoid operation near a stoichiometric fuel-air 
ratio. The fuel-air admission system must have an effective area ranging from 0.61 
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in 2 to 2.2 in 2 (3.6:1 ratio) to achieve the required equivalence ratio control in the rich 
zone. The operating conditions for the combustor are shown in Table 1. The design 
and computational evaluation of several candidate variable geometry fuel-air 
admission systems is one of the subjects of this report. 


2.2 Definition of CFDRC Concepts 


Six variable geometry fuel-air admission concepts were proposed and evaluated by 
CFDRC. (Concepts defined by Pratt & Whitney were also evaluated and are 
discussed in Section 3.) 

The basic premises used for the concept definition were: 

a. utilize maximum pressure drop for fuel atomization at all operating 
conditions. The aim is to avoid taking a large pressure drop upstream 
of the atomization process for the minimum flow area configuration; 

b. mix fuel and variable air flow close to the fuel nozzle injection plane; 

c. mechanically reliable /durable variable geometry device; 

d. simple fuel system; and 

e. use of rich zone air for back-side cooling of dome. 

Schematics of concepts 1, 2 , 4 and 5 are shown in Figure 2. Each of these concepts 
were eliminated from consideration after preliminary analyses were completed. 
Concepts 1 and 2 had inferior mixing for lean cases because the large volume outer 
swirler air failed to mix effectively with the fuel-air mixture from the dual-spray 
fuel nozzle. Also, the complexity associated with a duplex (primary/secondary) fuel 
system was considered unnecessary. CFD analyses showed that concept 4 had a 
potential problem with flashback for the minimum flow area configuration. 
Concept 5 was eliminated because of excessive pressure drop caused by the reverse 
flow configuration. 

CFDRC concepts 3 and 6 were selected as most promising after preliminary analyses. 
Schematics of concepts 3 and 6 are shown in Figure 3. Concept 3 consists of radially 
inward fuel injection between two radial inflow swirlers. The fuel is injected 
through discrete holes. Variable geometry is achieved by a translating centerbody 
that partially blocks the inner swirler. Concept 6 consists of a central fuel injector 
with two axial swirlers. The fuel is injected radially outward through discrete holes. 
The variable air enters through a radial inflow swirler that is partially blocked by an 
axially translating mechanism. A large amount of air from the radial inflow swirler 
is available (even in the minimum flow area configuration) to cool the face of the 
translating mechanism. CFDRC concept 6 was eventually selected for fabrication 
and experimental testing at UTRC. 
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2.4 Impacting Flow Analyses of CFDRC Concepts 3 and 6 


Concepts 3 and 6 were analyzed for all seven conditions shown in Table 1. 
Temperature contours for all seven conditions for concept 3 are shown in Figures 5 
and 6. In the idle case (Figure 5a) the fuel penetrates the swirler air very little and 
remains near the liner. The flame in the subsonic cruise case (Figure 5b) Is also 
located near the liner. The hot region is relatively small indicating low NO x 
formation. For the rich cases (Figure 6) the fuel and air mix effectively, especially for 
the supersonic cruise condition. Temperature contours for concept 6 are shown in 
Figures 7 and 8. The fuel /air mixing for all seven conditions is reasonably good. 
The subsonic cruise case (Figure 7b) has a very small hot region near the liner. The 
supersonic cruise case (Figure 8b) is well mixed after a very short distance in the rich 
burn section. Off design cases such as Idle (Figure 7a) and subsonic climb (Figure 8d) 
are less well mixed. The fuel was injected as plain jets to improve fuel distribution. 
Drop sizes were predicted by a correlation from Lefebvre 1 for plain jet atomizers. 

Both concept 3 and concept 6 were potential candidates for the variable geometry 
fuel-air admission system. Analyses indicated good performance for supersonic and 
subsonic cruise conditions. Adequate performance was also predicted for all other 
conditions. Backside dome cooling can be easily accommodated by both concepts. A 
concern for both concepts was that the variable geometry mechanism has moderate 
exposure to the hot combustor environment. Concept 6 was selected as the best 
CFDRC concept primarily because the fuel injector part of the system has a small 
diameter compared to concept 3. 

2.5 Initial Fuel Injection Velocity and Drop Size Sensitivity Study of CFDRC 
Concepts 3 and 6 


A total of 20 2-D CFD cases were completed for concepts 3 and 6 to study the 
sensitivity of initial fuel injection drop size and drop velocity. Temperature 
contours for selected subsonic cruise (lean) and supersonic cruise (rich) cases are 
shown in Figures 9 and 10 for CFDRC concept 6. For Figure 9a and 10a, the SMD was 
determined from a drop size correlation i for plain jet atomizers. The initial drop 
velocity was determined from the fuel pressure drop for a flow number of 50. 

Concept 6 subsonic cruise (Figure 9) results show significant sensitivity to both 
initial drop velocity and drop size. The best case is for an SMD of 29 and fuel 
injection velocity of 23 ft/sec (Figure 9). Drop size has a large effect on outward 
radial penetration as shown by comparison of Figure 9c and 9d. Concept 6 
supersonic cruise (Figure 10) results indicate a small influence of initial drop 
velocity. The reduced outward radial penetration degrades fuel /air mixing. Initial 
drop size variation had a very small effect. 
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a) Idle 


b) Subsonic Cruise 



4800 F 







c) Lean Transition 

* 

Figure 5. CONCEPT 3 — Temperature Contours 
(Lean Cases) 
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a) Rich Transition 



c) Takeoff 



d) Subsonic Climb 


Figure 6. CONCEPT 3 — Temperature Contours 
(Rich Cases) 
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a) Idle 



b) Subsonic Cruise 




4800 F 



c) Lean Transition 


Figure 7 , CONCEPT 6 — Temperature Contours 
(Lean Cases) 
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a) Rich Transition 



c) Takeoff 



d) Subsonic Climb 

Figure 8. CONCEPT 6 - - Temperature Contours 
(Rich Cases) 
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4800 F 


b) SMD=29, Fuel Velocity =23 ft/sec 


c) SMD=2Q, Fuel Velocity=23 ft/sec 


400 


a) SMD=29, Fuel Veloci1y=46 ft/sec 


d) SMD=36, Fuel Velocity =23 ft/sec 

Figure 9. CONCEPT 6 — Temperature Contours 
Subsonic Cruise Cases 
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a) SMD=35, Fuel Velocity =164 fl/sec 



i. . . . 1 ,i i jl;, * » t i j niiHr ’rt J . 1 n 1 !i 

c) SMD=23, Fuel Velocity=82 ft/sec 



m : i : 

d) SMD=44, Fuel Veloci1y=82 fVsec 

Figure 10 CONCEPT 6 — Temperature Contours 
Supersonic Cruise Cases 
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Supersonic Cruise 
Supersonic Cruise 
Supersonic Cruise 
Supersonic Cruise 
Supersonic Cruise 
Supersonic Cruise 


* Design Case 



The P&W HSCT 1 high shear nozzle was analyzed using a 2-D CFD model for 
ambient pressure non-reacting conditions. A pressure drop of 7 inches H 2 O, 
corresponding with experimental conditions was assumed. A 2 inch diameter fuel 
injector was included in the model The computed AC d was 2.38 in 2 with 12.6% of 
the flow through the outer passage. The experimentally measured ACd was 2.3 in 2. 
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A similar case was also run without the 2 inch diameter fuel injector. The total ACd 
was 2.48 in2 indicating oniy slight blockage by the fuel injector. Cold flow cases with 
10% and 100% open area through the inner swirler were compared with laser 
velocimetry experimental data. Axial and tangential velocities for the numerical 
and experimental data are shown in Figure 11. The velocity profile agreement is 
reasonably good. A coanda flow pattern was predicted for the 10% open case. This 
flow pattern matches the experimental results as shown in Figure 11b. The 
magnitude of the numerical results is lower than the experimental data, however, 
the velocities for a coanda flow pattern are a strong function of axial location. The 
numerical results at x = 0.20" (rather than x = 0.25") (x is assumed to be the axial 
direction) were in very good agreement with the experimental data. 

3.2 Spray Penetration Validation 

Impingement of fuel jets on the prefilmer is an area of concern for the high shear 
nozzle. Therefore, some effort was given to validating the predictions of liquid jet 
penetration in crossflow using CFD-ACE. Comparisons of both 2-D and 3-D 
predictions were made with experimental data of Hautman & Rosfjord2. 
Experimental and numerical results are shown in Figure 12 for air velocities of 118 
and 291 ft/sec. Numerical results are shown for the initial fuel velocity assumed to 
be 100% or 50% of the actual average fuel injection velocity. The agreement was 
acceptable, especially for the low liquid jet to air momentum ratio applicable to 
HSCT 1 conditions. 

3.3 Cold Flow Spray Cases for the P&W High Shear Nozzle (HSCT 1) 

Several cold flow HSCT 1 spray cases were run to model experimental 
configurations. Streamline contours and the spray pattern for these cases are shown 
in Figure 13. A turbulent dispersion model was used to predict the effect of 
turbulent fluctuations on the spray trajectory. Two fuel injector configurations were 
modeled: 1) 2 inch diameter with six 0.04 inch holes and 2) 2 inch diameter with 
eight 0.02 inch holes. The first has a flow number of 100 and the second a flow 
number of 33, so the fuel injection velocity of the second configuration is three 
times that of the first configuration. The effect of the higher velocity is evident 
from comparison of Figure 13a and 13b for lean transition conditions. Penetration 
of the fuel jets is lowest for the subsonic cruise conditions (Figure 13e and 13f). 
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Figure 13 Cold Flow Spray Cases for HSCT1 
(Fuel Velocity from 100% delta .P) 
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3.4 Reacting Flow Cases with Fixed Geometry Fuel Nozzles 


Two fixed geometry nozzles that were experimentally tested during 1993 in the 
UTRC cylindrical rig were analyzed. These two nozzles are HSCT AB (an airblast 
nozzle) and a Delavan air assist nozzle. Results for all of the cases that were run are 
shown in Table 4. For the HSCT AB nozzle a drop size SMD of 10 microns was 
assumed based on a correlation for prefilming airblast atomizers. 1 Even with 
variations in the flow split between the passages (without regard to pressure drop) 
all of the HSAB cases had excellent mixing. This indicates that the proximity of the 
fuel injection relative to the air injection is more important than the flow split. For 
the Delavan air assist nozzle, fuel and air, with a fuel/air ratio of 1.0, were injected 
at a 45° radial angle. A drop size SMD of 10 microns was assumed. 1 (Note: the fuel 
nozzle inlet boundary conditions were a rough assumption since fuel nozzle details 
were not available.) An additional case with SMD of 30 microns was also run. The 
swirler air was injected with a 45° swirl angle. The nozzle and swirler were recessed 
0.5 inches from the dome face. Results for the two Delavan nozzle cases and the 
supersonic cruise HSCT 1 case are shown in Figure 14. Mixing for the Delavan 
nozzle is relatively poor (unmixedness = 0.105) compared to the excellent mixing for 
the HSCT AB nozzle (unmixedness = 0.001). The larger drop size (30 microns) for 
the Delavan nozzle causes some of the fuel to penetrate through the swirler air 
resulting in improved fuel distribution. 


Table 4. Fixed Geometry Fuel Nozzle Cases 


v ue t v 

"Nozzle 

Power 

Condition 

HufB 

(microns >• 

■■t 

| OSD 

jlUhmixedness 

HSCT AB 

Subsonic Cruise 

22/78 

10 

2.8 


HSCT AB 

Subsonic Cruise 

37/63 

10 

3.1 


HSCT AB 

Supersonic Cruise 

37/63 

10 



Delavan 

Supersonic Cruise 

- 

10 


0.105 

Delavan 

Supersonic Cruise 

- 

30 


0.019 
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Figure 14 Temperature Contours for (a),(b) Delevan Air 
Assist Nozzle and (c) Airblast HSAB Nozzle 



a) DAA Supersonic Cruise 
SMD = 10 microns 
Unmix=0.105 



b) DAA Supersonic Cruise 
SMD = 30 microns 
Unmix=0.Q19 
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3.5 Reacting Flow Cases for the P&W High Shear Nozzle. (HSCT 1) 

Thirteen cases for the high shear nozzle (HSCT 1) were completed. The results are 
shown in Table 5. Temperature contours for cases with a 2" diameter fuel injector 
with size 0.04" holes are shown in Figure 15. Temperature contours for cases with a 
2" diameter fuel injector with eight 0.02" holes are shown in Figure 16. The results 
for the 2.0/12/0.02 (diameter/# holes/hole diameter) nozzle were similar to those 
for the 2.0/6/0.04 nozzle. Results for the 1.75/8/0.02 nozzle were similar to those for 
the 2.0/8/0.02 nozzle. Several observations can be made concerning the results: 

a. the fuel jets fail to reach the filmer in some cases, especially subsonic 
cruise; 

b. fuel /air mixing is relatively poor even when the fuel jets do hit the 
filmer, especially for the lean cases (see Figure 5a); 

c. surprisingly, the NO x predicted for the case shown in Figure 4b is 
slightly lower than for the case shown in Figure 5b. The relatively poor 
mixing evident in Figure 4b inhibits NO x production because of the 
lack of Cb in the high temperature region; and 

d. the fuel nozzle configuration did not affect the supersonic cruise cases 
since most of the fuel jet hit the filmer in both cases. 


Table 5. F&W High Shear Nozzle (HSCT1) Cases 


Power 

Condition 

Fuel Injection 

NO x 

m 

Unmixed ness 

:fnj.. 

Diameter 

(in) 

Number 
of Holes 

Hole 

Diameter 

(in) 

initial 

Velocity 

(ft/sec) 

Initial: : 
SMB 
(microns) 

Lean Transition 

2.0 

6 

0.04 

62 

59 

5.5 

0.007 

Lean Transition 

2.0 

8 

0.02 

186 

44 

16.7 

0.097 

Lean Transition 

2.0 

12 

0.02 

124 

32 

12.8 

0.031 

Lean T ransition 

1.75 

8 

0.02 

186 

44 

18.6 

0.084 

Rich Transition 

2.0 

6 

0.04 

62 

193 


0.035 

Subsonic Cruise 

2.0 

6 

0.04 

23 

41 

6.7 

0.065 

Subsonic Cruise 

2.0 

8 

0.02 

69 

35 

7.7 

0.030 

Subsonic Cruise 

2.0 

12 

0.02 

46 

27 

6.9 

0.067 

Subsonic Cruise 

1.75 

8 

0.02 

69 

35 

6.6 

0.030 

Supersonic Cruise 

2.0 

6 

0.04 

82 

116 


0.037 

Supersonic Cruise 

2.0 

8 

0.02 

248 

84 


0.044 

Supersonic Cruise 

2.0 

12 

0.02 

165 

56 


0.026 

Supersonic Cruise 

1.75 

8 

0.02 

248 

84 


0.037 
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a) Lean Transition - Fuel velocity =61. 9 ft/sec 
SMD=59 from holes, 10 from filmer 



b) Subsonic Cruise - Fuel velocity =23.1 ftfsec 
SMD-41 from holes, 10 from filmer 


4800 F 


1 i 




c) Supersonic Cruise - Fuel velocity=82.5 ft/sec 
SMD=116 from holes, 10 from filmer 


Figure 15 HSCT 1 Temperature Contours - 

2" Diam. Fuel Injector with 6 0,04’ ! Holes 
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a) Lean Transition - Fuel velocity=185.6 fl/sec 
SMD=44 from holes, 10 from filmer 


fl 4800 F 


b) Subsonic Cruise - Fuel velocity=69.4 fl/sec 
SMD=35 from holes, 10 from filmer 





c) Supersonic Cruise - Fuel velocity =2 47. 5 fl/sec 
SMD=84 from holes, 10 from filmer 


Figure 16 HSCT 1 Temperature Contours - 

2” Diam. Fuel Injector with 8 0.02” Holes 
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3.6 Diagnostic Cases for the P&W High Shear Nozzle (HSC T....1) 

Six cases were run to evaluate the effect of flow split, swirl angle, and drop size on 
fuel-air mixing in the high shear nozzle. All of the cases are for lean transition with 
the 2 inch diameter nozzle with eight 0.02" holes. NO x and unmixedness results for 
the HSCT 1 diagnostic cases and the base case (87/13 split) are shown in Table 6. 
Temperature contours for three of the cases are shown in Figure 17. Streamlines for 
the same three cases are shown in Figure 18. Several conclusions can be drawn: 

a. the cases with drop sizes of 5 and 25 microns were not significantly 
different from the 10 micron case. Even at 25 microns the drops follow 
the streamlines and evaporate quickly; 

b. changing the inner/outer flow split to 60/40 from 87/13 improved 
mixing some, but the result was still poor; 

c. reducing the slot angles moved the flame away from the liner, but 
mixing was worse (Figure 17a). There was only a very small 
recirculation zone near the fuel injector (Figure 18a); 

d. increasing the liner passage swirl improved mixing to some degree 
(Figure 17b and 17c). A separated flow condition was predicted for all 
cases with 70° outer passage swirl (Figure 18b). When the outer passage 
swirl was decreased, the flow streams remained attached (Figure 18c); 
and 

e. an interesting result is that the NO x was higher for most cases with 
lower unmixedness. The implication is that for relatively poor overall 
mixing conditions, NO x increases with better mixing because more 
combustion occurs near stoichiometric fuel-air ratio. 
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Table 6. P&W HSCT 1 Diagnostic Cases 
2.0 Inch Nozzle with 8 0.02" holes 
Lean Transition 



sSwIrlA - ' Angie 

Filmer SMD | 
(microns) : 

' m '/ ' a 

hUnmbcednes& ; 

87/13 

30/70 

10 ; 

16.7 

0.097 

60/41 

30/70 

10 i 

24.0 

0.074 

87/13 

15/35 

10 | 

12.8 

0.160 

87/13 

30/70 

25 ; 

8.4 

0.138 

i 

87/13 

30/70 

5 

10.9 

0.124 

60/40 

60/70 

10 ; 

38.2 

0.031 

60/40 

L_ _ 

60/35 

10 

26.2 

0.028 
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a) HSCT 1 Lean Transition - 

In/Out Flow Split 90/10; In/Out Angle 15/35 
Unmix=0.160, NOx=12.8 



b) HSCT 1 Lean Transition - 

In/Out Flow Split 60/40; In/Out Angle 60/70 
Unmix=0.031, NOx=38.2 



4800 F 


2600 


400 



c) HSCT 1 Lean Transition - 

In/Out Flow Split 60/40; In/Out Angle 60/35 
Unmix=0.028, NOx=26.2 


Figure 17 Temoerature Contours - Diagnostic Cases 
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a) HSCT 1 Lean Transition - 


In/Out Flow Split 90/10; In/Out Angle 15/35 
Unmix=0.160, NOx=12.8 



b) HSCT 1 Lean Transition - 

In/Out Flow Split 60/40; In/Out Angle 60/70 
Unmix=0.031, NOx=38.2 



In/Out Flow Split 60/40; In/Out Angle 60/35 
Unmix=0.028, NOx=26.2 


Figure 18 Streamline Contours - Diagnostic Cases 
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3.7 F&W Dual-S wirier Airblast Nozzle 


A cold flow case was run to predict AC d and flow splits for Ap = 7 " H 2 0. The total 
AC d was 1.94 ird with 11.6, 13.9, 71,2, and 3.3% of the flow to the inner, mid, outer 
(variable), and air sweep passages, respectively. The total AC d of 1.94 in2 is in good 
agreement with the measured AC d of approximately 2 in 2. Five reacting cases were 
completed with results given in Table 7. Temperature contours for the lean 
transition, subsonic cruise and supersonic cruise cases are shown in Figure 19. The 
fuel did not mix completely with the outer swirler air in the lean cases. The 
subsonic cruise case had relatively low swirl since flow to the outer swirl (which 
contributes most to the overall swirl) is significantly reduced. Temperature 
contours for the rich transition and idle cases is shown in Figure 20. Fuel/air 
mixing for rich transition was very good. For the idle condition the fuel did not 
ignite until it entered the outer recirculation zone. A converged steady state 
solution was not obtained for the idle condition because of instability in the flame 
front location. 


Table 7. P&W Dual Swirler Airblast Cases 


,f : Power Condition 

' - ' sm> ' 

(microns) 

NO* 1 

• w m 

Unmixedness 

Lean Transition 

10 

73 

0.080 

Subsonic Cruise 

10 

6.3 

0.053 

Supersonic Cruise 

10 


0.138 

Rich Transition 

10 


0.003 

Idle 

18 

4.1 

0.097 
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Figure 19 Temoerature Contours - P&W Dual Swirler 
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4800 F 


2600 


400 


Figure 20 Temperature Contours - P&W Dual Swirler 
Airblast 
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A three passage high shear nozzle was designed (at CFDRC) and analyzed. Tne 
intent of this design is to redistribute the air injection such that the fuel is. injected 
more central to the air. A schematic of the three passage high shear nozzle is shown 
in Figure 21. A single variable geometry device closes both the inner and outer 
passage simultaneously. The mid passage always remains open. Temperature 
contours and streamlines for lean transition, subsonic cruise, and supersonic cruise 
conditions are shown in Figure 22 and for rich transition and idle conditions m 
Figure 23 All of these cases are for a 1.8 inch diameter fuel nozzle with 8 0.02 inch 
holes. The fuel easily hits the filmer for all conditions because of reduced airflow 
with greater swirl in the inner passage and increased filmer length. . The fuel- air 
mixing is also substantially improved compared to the two passage design (HSCT 1). 
(Compare with Figures 15 and 16). 



One cold flow ambient pressure case to determine ACd and two cold flow spray cases 
were run The total predicted ACd in the full open position was 2.37 unA The inner 
passage ACd was predicted to be 1.72 in2 and the outer passage 0.65 m2 for a 72/28 
flow split. The two cold flow spray cases were performed for ambient pressure and 
temperature simulations of subsonic and supersonic conditions. The simulated 
conditions match the nozzle ACd, air velocity, and fuel/air momentum ratio. 


The fuel nozzle was 1.0 inch in diameter and had 12 holes each with a diameter of 
0.02 inches. Initial drop sizes! were 



Air flux and liquid spray fuel flux at an axial location 0.5 inches downstream of the 
nozzle exit were compared with experimental results. The results for the subsonic 
cruise case are shown in Figure 24 and for the supersonic cruise case in Figure 25. 
Agreement between numerical and experimental results for air flux is very goo or 
both subsonic and supersonic cruise conditions. The fuel flux location is also 
predicted reasonably well. The numerical peak fuel flux value is higher because 1) 
the numerical fuel spreading is less than the experiment and 2) the spray capture 
efficiency is significantly less than 100% for the experimental results. Note that the 
£ ue I did not reach the filmer for the numerical subsonic cruise case. 
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Figure 22 Temperature Contours - Three Passage 
High Shear Nozzle 
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a) HS-3 Rich Transition - 
Unmix=0.024 
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Figure 23 Temperature Contours - Three Passage 
High Shear Nozzle 
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Figure 25. Supersonic Cruise Air 1 
x = 0.5 inches for HSCT 
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3.10 Reacting Flow Cases for the P&W Constant F low Split High Sh£3X.jNi'o2zle 

(HSCT 11) 

HSCT 11 reacting flow cases for lean transition, subsonic cruise, supersonic cruise, 
rich transition and idle operation conditions are shown in Figures 26 and 27. A 1.0 
inch diameter fuel nozzle with 12 0.02 inch holes was modeled. Three additional 
cases with a 1.6 inch diameter fuel nozzle are shown in Figure 28. NO x El and 
unmixedness results for each case are shown in Table 8. The drop size from the 
filmer is assumed to be 10 microns for each case. A few comments on these results 
follow: 

a. The fuel does not reach the filmer for the initial subsonic cruise case 
(Figure 26b). A larger fuel injector diameter (Figure 28a) did not 
significantly improve the fuel penetration. Reducing the number of 
fuel injection holes with an associated increase in fuel injection 
velocity (Figure 28b) did result in most of the fuel hitting the filmer. 

b. The flame was held only in the outer recirculation zone for all of the 
subsonic cruise cases. The inner recirculation zone did not hold flame, 
even for the case (Figure 28b) where most of the fuel hit the filmer. 

c. The supersonic cruise and rich transition cases held flame inside the 
fuel no zzl e (Figure 26 and 27a). This was caused by the relatively low 
velocity near the fuel nozzle. This problem did not occur for the larger 
1.6 inch diameter fuel nozzle (Figure 28c). 


Table 8. P&W Constant Flow Split High Shear Nozzle (HSCT 11) Cases 


Pdw&r Condiiion 


1 uz 

, Fuel Injection . 


NO x -' 

1 ill 
' 

Unmixedness 
: .** 

. Inj- ' 
Diameter 

|j 

Number 
of Holes 

Hole 

Diameter 

ill 

Initial 

¥elodty 

<ft/secj 

■Initial 
SMB 
H microns) 

Lean Transition 

1.0 

12 

0.02 

124 

35 

19.0 

0.042 

Rich Transition 

1.0 

12 

0.02 

124 

98 


0.002 

Subsonic Cruise 

1.0 

12 

0.02 

46 

54 

2.4 

0.119 

„ Subsonic Cruise 

1.6 

12 

0.02 

46 

54 

2.9 

0.106 

Subsonic Cruise 

1.6 

8 

0.02 

69 

55 

4.4 

0.091 

5 Supersonic Cruise 

1.0 

12 

0.02 

165 

40 


0.024 

i 

Supersonic Cruise 

1.6 

12 

0.02 

165 

40 


0.023 

Idle 

1.0 

12 

0.02 

26 

47 

8.5 

0.019 
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a) HSCT 11 Lean Transition 
Unmix=0.042, NOx=19.G 




b) HSCT 11 Subsonic Cruise 
Unmix=0.119, NOx=2.4 
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Figure 26 Temperature Contours - HSCT 11, Constant Flow 
Split Radial Inflow High Shear Nozzle 
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Figure 27 Temperature Contours - HSCT 11, Constant Flow 
Split Radial Inflow High. Shear Nozzle 
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a) HSCT 11 Subsonic Cruise 
1.6 Dia Nozzle, 12 Holes 
Unmix=0.106, NOx=2.9 


b) HSCT 11 Subsonic Cruise 
1.6 Dia Nozzle, 8 Holes 
Unmix=0.091, NOx=4.4 
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Figure 28 Temperature Contours - HSCT 11, Constant Flow 
Split Radial Inflow High Shear Nozzle — Modified 
Fuel Nozzle 
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4 . 


3-D CFD analysis was performed on 17 test cases as shown in Table 9. The baseline 
geometry (Case 1), shown in Figure 29, was representative of the F&W four-nozzle 

- itaTly. The calculation domain extende J 
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Table 9. NO x Summary from CFD Analysis 
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• NO x Calculations Used Anderson Constants, Extended Zeldovich Mechanism with PDF. 

" Calculation Corr ecled on 11/14 (NO x Values Cannot be Directly Compared to Cases 1-10), 

• ( ) NO x Calculations Used Literature Constants, Extended Zeldovich Mechanism with PDF. 
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Figure 29. RQL 



P = 150 psia 

T = 1200 °F 
W = 3.0 Ibm/s 

4>rb = 1-8 
0LB = 0-43 

The can geometry duplicated UTRC's can geometry (i.e., 5-inch diameter rich burn 
section, 3-inch diameter quench zone and 8 circular orifices). 

CFD analysis was first performed on the can geometry as shown in Figure 30. Figure 

30 depicts the temperature contours at the can exit. Although only a 90° sector was 
computed, the full 360° field is shown. One can see that the quench jets are 
underpenetrated. The flow conditions at the exit of the can were used as the inlet 
boundary conditions to the annulus. Note that the flow field is comprised of eight 
nearly identical sectors indicating that the CFD cyclic planes are behaving properly. 

CFD analysis was then performed on the annulus geometry, as depicted in Figures 

31 through 35. The temperature and NO x contours in Figures 31 and 32, 
respectively, indicate that the rich mixture exiting the can does not significantly 
spread laterally. The temperature and velocity contours shown in Figures 33, 34, 
and 35 also illustrate the low circumferential and radial mixing rates. NQ X El was 
calculated to be approximately 3.5 at the exit of the can, and a total NO x El was found 
to be nearly 13.5 at the annulus exit. 
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Figure 32. NO x Source Through the Annulus 
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